The molecular and dissociative adsorption of butanethiol (C 4 H 9 SH) on regular Ag (111) surfaces has been studied by means of periodic ab initio density functional techniques.
Introduction
Understanding the structure and reactivity of interfaces is a cornerstone in modern Chemistry. The unique properties of matter of reduced size and dimensions are of outstanding importance for a variety of technological and industrial applications. Although experimental synthesis and characterization of inorganic (nano)materials is nowadays more mature than ever, theory has proven to be a critical step in their development. Modeling surfaces and interfaces has thus become crucial for the comprehension of their fundamentals, as well as for orienting experimentalists in the search of systems with controlled properties.
Silver nanoparticles are widely used for application in optoelectronic devices [1] , antimicrobacterial systems [2] and heterogeneous catalysis [3, 4] . They can be obtained by chemical methods in a synthetic route involving a complex interface between water and oil [5] . In the chemical bath there are precursors, reducing agents, surfactants as well as several organic solvents. The careful choice of the reactants used and the synthesis conditions (pressure, temperature, order of addition of reactants) allow controlling the size and morphology of the nanocrystals [6] [7] [8] [9] . In particular, the surfactant molecule used during the synthesis (or capping agent) plays a key role in the stabilization of the nanoparticles [10] [11] [12] . The surfactant is added in the final step of the synthesis to stabilize the nanocrystal surfaces and therefore plays a key role in the final shape and size of the particle. The surfactant molecule interacts primarily with the inorganic surface and the media (solvent). It is well known that strong surfactant-surface interactions block the growth of the crystal whereas weaker interactions may lead to an uncontrolled growth. Typical surfactants are alkyl chains functionalized to interact with inorganic surfaces. For instance, alkanethiols are widely used in the synthesis of silver nanoparticles [13] whereas alkaneamines are used in the synthesis of platinum nanoparticles [14, 15] . In addition to the surfactant-surface interaction, the length of the chain is also found to play a key role in tuning their size and morphology [16] . A quantum-chemical analysis of the adsorption process between the surfactant molecule and the crystal surface will help understanding the very nature of such interface.
Surface science studies are of utmost importance to build a comprehensive picture of the molecule-surface interactions on an atomic level, in particular to understand bond formation and break as well as electronic interactions [17, 18] . In the present paper we investigate the interaction of a model surfactant molecule, buthanethiol, with Ag (111) termination by means of periodic state of the art quantum chemical tools. This simplified model will shed light on the geometrical and electronic effects of the surfactant-surface system on a molecular level. These results will be the basis for the development of more complex models aiming at representing inorganic nanoparticles in realistic conditions, in particular particles of nanoscopic dimensions with a well-defined size and their interaction with solvent and surfactant.
We study the Ag (111) surface since it is the most stable for the cubic face centered silver bulk structure. The geometry and adsorption properties of this termination are extensively reported in the literature both from experimental and theoretical works, see for instance ref. [19] . Experimental works report the stability of a reconstructed (√7 ×√7)R 19° pattern upon adsorption of sulfur [20] , methanethiol [21] or pentanethiol [22] on Ag (111). Yu et al. [20] [21] [22] report a near-hexagonal Ag surface layer with reduced atomic density so that it is a 3/7 of the underlying substrate layer and the adsorbed thiol occupy three different sites on the surface √7 × √7 unit cell. Short alkane chains may also lead to √3 ×√3 R30 and p2x2 patterns [23] . Theoretical works have shown that both reconstructed and unreconstructed silver substrate possess similar energy and might thus be of similar stability in the adsorption of methanethiolate [24] . Also, the reconstruction of the Ag(111) in the presence of sulfur atoms has been investigated by density functional theory (DFT) [25] . The stability of self-assembled monolayers has also been addressed by classical methods [26] [27] [28] . We will focus our study on the regular (111) termination in order to gain understanding on the geometrical and electronic effects taking place upon adsorption, we restrict our investigation to low coverage θ=1/7 to mimic the early stages of adsorption. Future works will address more reactive models.
The paper is organized as follows: in section 2, the computational procedures used are described together with the models used. In section 3, results are presented and discussed as regards geometry, energetics, reactivity and electronic structure of the dissociation process. A conclusion section closes the paper.
Methods and models
The calculations carried out are based on density functional theory DFT as implemented in the Vienna ab initio simulation package VASP [29] [30] . The one-electron Kohn-Sham orbitals are developed by using a plane wave basis set and the interaction with the atomic cores is described through the projector augmented-wave pseudopotential (PAW) [31] [32] . The PAW method achieves a high accuracy at a relatively modest cut-off energy of 400 eV. Electronic exchange and correlation are described by the optPBE functional that also accounts for dispersion interactions [33, 34, 35, 36] . Calculations were spin unpolarized. The self-consistency cycle was terminated when the total energies in the next step only changed by less than 10 −6 eV per cell. Brillouin-zone integrations were performed on Monkhorst-Pack grids [37] adapted to the size of the supercell with distance between k-points ~0.05 Å -1 .
The metallic substrates were modeled by periodically repeated five-layer slabs with a vertical extension of the supercell of 45Å to ensure a minimum separation of 25 Å between the top of the adsorbed molecule and the bottom of the periodically repeated slab. Molecules were adsorbed on one side of the slab only, the other side being a clean metal surface, and dipole corrections are introduced in the calculation to prevent artificial polarization.
The geometry optimizations were carried out with the conjugate gradient algorithm until all forces on the atoms are converged to F ≤ 0.1 eV Å -1 . The ionic relaxation energies were converged to 10 -4 eV. The adsorbates and three uppermost slab layers are fully relaxed, the two bottom slab layers are kept fixed to optimized bulk positions. For adsorption energy calculations, a gas-phase butanethiol molecule is calculated in a box of dimensions 20×20×20 Å 3 .
For assessing the role of Van der Waals interactions, the calculations are performed using the optPBE functional and the comparisons are made with the PBE [38] and the semiempirical Grimme D2 [39, 40] method for the bulk Ag, see supporting information Table  S1 . The convergence of the bulk parameters with respect to the k-points set is also reported in supporting information, Table S2 . The optPBE method performs well for bulk and has shown to describe properly metallic surfaces [41] , for this reason we chose optPBE for our study.
We have also determined the barrier for the dehydrogenation of adsorbed butanethiol to co-adsorbed butanethiolate and atomic hydrogen. The transition state search was performed using the Nudged Elastic Band (NEB) method [42] . In our calculation, 4 intermediate images were created and minimized roughly, the S-H and closest neighbors were allowed to relax. The one with the highest energy was treated as initial guess by the dimer method [43] . A frequency analysis of the transition state is carried out to check the presence of only one imaginary frequency. The structures for initial, transition and final states are given in the Supplementary material.
The thiol chosen as the model is butanethiol (see Figure 1 , left) because it is large enough to be considered as a potential initiator of self-assembled monolayers [44] , and small enough to perform state-of-art periodic DFT calculations on the system. The geometrical parameters obtained after optimization in the gas phase model are given in Table 1 . We also optimized the molecular geometry using the GAUSSIAN09 suite of programs [45] , at the MP2 level of theory with the 6-311++g(3df,2pd) basis set. Indeed, it has been shown that MP2 calculations are in perfect agreement with experimental values [46] [47]. Our VASP calculation results are consistent with the MP2 ones. 
Results and discussion
We studied the adsorption of one butanethiol molecule on a √7 ×√7 periodic cell shown in Figure 1 . To find the equilibrium configuration, we have used different starting geometries, with the S atom of the molecule initially placed above a silver atom (ontop), into a bridge site or into a fcc or hcp hollow site. Since the adsorption can take place in two different ways, molecular or dissociated, we have investigated these two possibilities.
Molecular adsorption
The adsorption energy per molecule (E ads ) is the difference between the total energy of the slab with the adsorbed molecule (E slab ) and the sum of the total energies of the subsystems, i.e., the clean metal surface in its equilibrium structure (E clean ) and an isolated butanethiol (E mol ).
Note that the sign of E ads is chosen such that a negative number means that the energy of the system decreases upon adsorption. Table 2 shows the calculated adsorption energy E ads. The most favorable mode, -0.46 eV, is found for a mixed hollow fcc-bridge position obtained from the spontaneous migration of the molecule from an ontop position. The starting geometry of the molecule on fcc and bridging sites moves during optimization closer to a less symmetric position, as shown in Figure 2a . They lead to hollow-bridge positions as the most favorable adsorption sites. The geometry parameters of the thiol are listed in Table 1 . We found that the bond lengths do not change compared to the isolated thiol, as well as the angles. The molecule is tilted 38 degrees with respect to the surface normal. 
Dissociative adsorption.
As mentioned above, besides the molecular adsorption, there is also a dissociative mechanism possible, with the S-H bond cleavage. The thiolate moiety adsorbs at a position around the hollow fcc site, whereas the hydrogen is put on a hollow fcc position neighboring the thiolate. Atomic hydrogen is reported to adsorb on fcc sites for most (111) metallic surfaces [19] . The geometry of the most stable structure obtained is displayed in Figure 2c (RS+H). Table 2 shows the adsorption energy obtained for the butanethiolate adsorption. It can be seen that butanethiolate has clear preference for the fcc sites.
The geometry parameters of the thiolate are listed in Table 1 , we found that the bond lengths do not change compared to the molecular absorbed thiol, the angles change slightly, 1.80° for C-C-C angle for example. The molecule is tilted 37 degrees with respect to the surface normal.
The distance to the Ag surface is significantly reduced as compared to the thiol molecular adsorption, indicating a more efficient bonding. This is evidenced by Table 3 , where the distance between the S atom and the three closest Ag atoms is given. Note that the Ag atoms close to the sulfur atoms slightly move upon adsorption in both cases. Table 3 . Distances between sulfur of thiol/thiolate to the three Ag atoms labelled in Figure 2 .
An analysis of Table 2 shows that the molecular and dissociative adsorption modes are close in energy. Even if a small preference seems to appear for the dissociative adsorption, -0.46 eV (molecular) vs. -0.52 eV (dissociated), the two modes may coexist on the surface. In order to gain further understanding on the dissociation mechanism we have computed the energetic barrier of a reaction path for the dissociation of thiol to thiolate discussed in section 3.3.
Dissociation path from thiol to thiolate
Even though in gas phase the dissociation of thiols to thiolates is an endothermic process, experiments show that dissociation of thiols to thiolates can take place on transitionmetal surfaces. The dissociation on transition metal surfaces is caused by the interaction of the sulfur atom with the support, which competes in strength with the S-H bond. We have studied the process of the butanethiol dissociation on Ag (111) (√7 × √7 ) R19.1 cell. Figures 2 and 3 display the structures of the starting point (molecular RSH), the transition state (TS) and dissociated product (thiolate+adsorbed H, RS+H). For the reaction path studied, the butanethiol is initially molecularly adsorbed between hollow fcc and bridge sites. In the transition state the molecule moves closer to the hollow fcc position and the H atom moves close to a hollow hcp position. The activation energy in the transition state is 0.98 eV/molecule and the S-H bond is stretched by 0.73 Å. To confirm the nature of the transition state, the analysis of the vibrational eigenmodes on the S-H bond has also been performed. All eigenstates except the S-H stretching mode have real eigenvalues, thus confirming the first-order saddle point of the transition structure. To reach the final coadsorption state, the hydrogen atom moves to the neighboring hollow fcc position. The reaction is exothermic by 0.06 eV. This is not a huge amount of energy and indicates that the two species, thiol and thiolate, may coexist on the surface. The energy barrier, 0.98 eV (as shown in Figure 3 ), does not support spontaneous dissociation at room temperature on Ag(111). However, the dissociation of thiol to form thiolate can be favored by other routes i) the presence of more reactive surfaces, like the (001) surface, and / or defects, expected to be numerous in a real nanoparticle. ii) if the adsorbed H diffuse and recombine to desorb as H 2 , the dissociation reaction would favor the formation of thiolates following equation (4):
The formation of H 2 is thermodynamically favorable, the energetic balance of eq. (4) is -0.25 eV. This means that desorption of H 2 stabilizes the thiolate form. Moreover, the release of H 2 contributes entropically to favor products in eq. (4), and is in principle irreversible if the synthesis is done in open vessels. The structure of the thiolate without neighboring hydrogen is very close to that of the thiolate with hydrogen, see Figure 2d (RS). Concerning the route i) in the case of gold reconstructed surface [48] , the S-H dissociation takes place through a transition state of 0.32 eV. For methanethiol dense adsorption (√3×√3 R30 pattern) DFT calculations [46] give no barrier for Ni, 0.18 eV for Pd and 0.61 eV for Pt. It is thus expected that in the case of silver, higher coverage and irregular surfaces lead to a barrier lower than 0.98 eV making dissociation easier.
Electronic structure description
The electronic structure of the adsorbed molecules has been studied by means of Bader's analysis [49] . The charge enclosed within the Bader volume is a good approximation to the total electronic charge of an atom and allows tracking charge transfer phenomena upon adsorption. Bader charge distribution can also be used to determine multipole moments of interacting atoms or molecules [50, 51] .
The Bader charges were calculated for the adsorption systems as well as for the isolated molecule and slab. The charges of several important atoms for adsorption are listed in Table 4 , the charge condensed on each atom is reported as supplementary material. An analysis of the data shows that in the case of the molecular adsorption RSH there is no significant charge transfer between the molecule and the slab: the molecule (without the hydrogen atom) is charged only 0.024 |e| and the slab -0.018 |e|; the hydrogen atom is almost neutral -0.005 |e|. The adsorption might be promoted by polarization induced forces as suggested in ref [52] . A different picture is observed for the dissociated systems. The product of dissociation (thiolate neighboring hydrogen, RS+H) is charged -0.332 |e| and the slab becomes positively charged by 0.541 |e|. In this case, the dissociated hydrogen becomes also negatively charged, -0.209 |e| and can be described as a surface hydride. Upon removal of such hydrogen sites, the system RS still possesses a thiolate charged -0.334 |e| and the slab is charged +0.334 |e|. The sulfur charge changes from -0.023 |e| in the gas phase to -0.031 |e| for the molecular adsorption, -0.403 |e| for the RS+H and -0.399 |e| for the RS systems. The electronic structure of the transition state is intermediate between reactant and product and closer to the latter meaning that it is a late transition state. We conclude that the dissociation of the thiol on the surface dramatically perturbs the electronic distribution and induces a significant charge transfer from the silver surface to the thiolate moiety. Additionally the presence of surface hydrogen increases the charge transfer from the surface.
In order to analyze the electronic structure of the surface we have reported the charges on the Ag atoms close to the sulfur atom. They are slightly negative, around -0.02 |e| in the bare slab and reach values around 0.08 |e| in the thiolate species. The distribution of charge is not homogeneous within the slab, the closer to the sulfur atom the higher the positive charge of the silver atoms. In the presence of atomic hydrogen the charge reaches values of 0.145 |e| (atom Ag B in RS+H). Interestingly, the charge is distributed in layers in the slab. Table 4 shows the average charge for each layer together with the standard deviation in parentheses. The bare slab shows an alternance of charge -0.019/0.019/-0.001 |e|. Upon molecular adsorption of the thiol, the distribution is only slightly perturbed: -0.020/0.018/-0.01 |e|. The thiolate RS+H system shows the largest change in slab charge distribution: 0.452/0.100/0.002 |e| meaning that the slab is polarized in the presence of thiolate and hydride species. In the absence of hydride, RS system, the same trend is observed although the values of the charge are smaller: 0.224/0.117/0.004 |e|. The standard deviation is a measure of the distribution of charge in the layer. Table 4 displays the larger values for standard deviation found for the first slab layer indicating that the presence of the adsorbate induces an inhomogeneous redistribution of the charge among the different silver atoms. In particular, thiolate species exhibit larger values than thiol (0.046 |e| and 0.024 |e| respectively) which is consistent with the larger perturbation observed in the surface sites charge. Both the average charge and standard deviation decrease for the second layer and is found negligible in the third layer, indicating a stronger polarization effect in the external slab atoms as expected from their proximity to the adsorbate. Gas The density of states has also been calculated to follow the S-H dissociation reaction. Figure 4 displays the total and atom-projected density of states for reactant RSH, transition state TS, product RS+H and thiolate RS after H desorption. The slab contribution is a band between -3 and -7 eV, corresponding to the Ag d states, and a wide band between -2 and 6 eV corresponding to Ag s states, partially occupied and thus of metallic character. The presence of the molecular thiol on the silver surface is characterized by a molecular state 2-3 eV below the Fermi level, mainly associated to the S atom at -2.2 eV, and a set of bands at 4-6 eV below the Fermi level, which contains the H contribution at -5 eV. The molecular virtual states are located 1.5-6 eV above the Fermi level. The elongation of the S-H bond to form the transition state leads to broadening of the bands due to the interaction between slab and molecule. Besides, the S level shifts to higher energies, -1.8 eV, and the gap between H occupied and unoccupied levels is lowered: a state is located at -2.2 eV and a wide band centered at ~2 eV. The product RS+H is characterized by the thiolate S level at -1.8 eV and a single H band spread between -2.2 and 2 eV, that comes from the merging of the TS levels; close in energy a second band from 2 to 6 eV is found almost overlapping with the former. Such structure corresponds to the presence of a hydride species since the H s states become occupied. The removal of the H atom from the slab does not alter the thiolate (S) electronic structure. It can be observed that the electronic structure of the TS is closer to the product than to the reactant. This picture is fully coherent with the Bader analysis and with previous analysis in the literature describing S-H dissociation on and gold surfaces [24] and L-cysteine adsorption on silver [53] . 
Conclusion
To understand the molecular and dissociative adsorption of butanethiol on the Ag (111) surface, vdw-DFT calculations are performed. The molecular adsorption does not lead to important elongation of the C-S and S-H bonds. The fully relaxed equilibrium configurations show that the S atom locates between a hollow and a bridge site. In the dissociative adsorption process, the S atoms as well as the atomic hydrogen locate on hollow fcc positions. The adsorption energies for the most stable adsorption sites are -0.46 eV and -0.52 eV for butanethiol and butanethiolate, respectively. The activation energy for the S-H dissociation has been calculated to be 0.98 eV. The removal of surface hydrogen would favor the stabilization of thiolate species. The dissociation of the thiol S-H bond leads to charge transfer to the adsorbates resulting in the polarization of the slab. Future works will investigate more complex systems such as higher coverage and surface reconstruction. Table S1 . Lattice constant and cohesive energies obtained from PBE, PBE+D2 and optPBE methods for bulk Ag fcc system. Table S2 . K-points convergence test for the bulk fcc silver with the optPBE functional.
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